INTRODUCTION
============

Freshwater is a precious and scarce resource. Recent studies projected that severe droughts and other extreme weather events will occur at ever more increasing intensities and frequencies, placing greater strains on already limited freshwater resources in many parts of the world. Researchers found that more than half of the global population lives in areas with severe water scarcity condition for more than 1 month per year ([@R1]). Previous and ongoing research efforts have led to the development and refinement of various solutions for this problem such as desalination and water treatment technologies, including reverse/forward osmosis, nanofiltration, electrodialysis, and thermal distillation. Other novel approaches, such as ambient moisture harvesting ([@R2], [@R3]) and fog/mist collection ([@R4]), have also received increasing attention.

Water vapor capture is an integral part of many freshwater production methods, including aforementioned ambient moisture harvesting, vapor recovery from cooling towers in thermoelectric power plants, and ambient-pressure humidification-dehumidification (HDH) desalination systems. The HDH desalination system is an intriguing desalination and water treatment approach ([@R5]), which imitates the natural rain cycle by creating humidified air (e.g., blowing dry air over a heated brine) and then condensing water vapor, using a water vapor--capturing device (hereinafter referred to as "dehumidifier"), to produce distilled water. It is attractive for small-scale distributed desalination and water treatment because they are very tolerant to high salinity and can produce high-quality (distilled) water using a wide variety of feed water streams, including industrial and agricultural wastewater, produced water from oil/gas fields, contaminated ground water, and brine discharge from reverse osmosis or membrane filtration plants.

The critical technical challenge of HDH lies in improving thermal energy efficiency. Previous studies ([@R6]--[@R9]) proposed approaches to thermodynamically balancing humidification and dehumidification processes and reported designs with energy efficiency competitive with other technologies while delivering benefits of reduced capital and operation costs.

A practical limit in thermal efficiency, however, is posed by heat/mass exchange processes. Particularly problematic is dehumidification, which suffers from inherently large resistance to mass transfer experienced by water vapor as it diffuses through air. The deleterious effects of noncondensable gases on condensation have been well documented ([@R10], [@R11]). Noncondensable gases of a volume fraction as low as 0.5% have been observed to cause as much as 50% reduction in condensation heat transfer.

Conventional approaches to condensation rely on cooled solid surfaces in contact with a gas stream, which is a mixture of the target vapor and other noncondensable gases. One can theoretically achieve high mass transfer rates by using densely packed solid surfaces of large surface areas to reduce average distances that vapor molecules must diffuse through. However, because of constraints on weight, cost, and/or manufacturability, solid surface areas per volume that one can achieve are limited. Other methods, such as enhanced convective mixing through intermittent liquid feeds ([@R12]) and electric winds generated by corona discharge ([@R13]), can enhance mass transfer but at the expense of increased power consumption and complexity. More recent studies adapted bubble columns for dehumidification ([@R14]), where humidified air is injected through a pool of cooled water to create bubbles with large surface-to-volume ratios for enhanced heat and mass transfer. The very large pressure head required to sustain air flows, however, again leads to increased electricity consumption.

Here, we report our experimental study of interfacial flow and phase change phenomena in a unique configuration where water vapor in a humidified air stream is condensed on traveling water beads. The traveling water beads themselves are generated by the intrinsic instability of thin liquid films flowing down an array of vertical threads ([Fig. 1](#F1){ref-type="fig"}) without requiring the use of spray nozzles or application of electric fields.

![Water flow regimes.\
Water flowing down a cotton thread with a diameter of 0.76 mm at flow rates of (**A**) ${\overset{.}{\mathit{m}}}_{\text{Lps}}$ = 0.015 to 0.06 g/s, resulting in the Rayleigh-Plateau instability regime, where beads have constant velocities and spacings, and (**B**) ${\overset{.}{\mathit{m}}}_{\text{Lps}}$ = 0.11 g/s, generating a flow in the convective instability regime that features bead coalescence (Nozzle inner diameter = 0.8 mm).](aav7662-F1){#F1}

The unique geometric configuration presents an intriguing model system for heat and mass transfer by offering (i) very high interface-to-volume ratios in a compact volume, (ii) efficient mass diffusion of vapor toward local curved surface features (liquid beads) that act as sinks, and (iii) long residence times of liquid beads for mass transfer. The long residence time is enabled by viscous shear stress exerted by the cotton thread surface, which opposes downward sliding motion of liquid beads.

Despite offering high interface-to-volume ratios, the multistring array introduces small pressure drops for gas flows in part because it provides straight, open and contiguous gas flow paths and in part because low-profile traveling liquid beads present relatively small form drag ([@R15]--[@R18]).

In our recent paper ([@R19]), we reported an early demonstration of thin film flows of water along cotton threads and their potential application in evaporation/humidification. This early demonstration, however, was rather ad hoc and incomplete, as we merely relied on trial and error to select thread diameters and liquid flow rates without proper theoretical understanding of fluid mechanics or heat and mass transfer processes involved. Furthermore, although experimental data on the evaporation rates were obtained, they were limited and we could only discuss qualitative trends over narrow ranges of flow parameters. Last, the improvement in the performance over the existing state-of-the-art humidifier was appreciable but not dramatic.

The present paper substantially builds upon this early work and reports a dehumidifier that offers 200% improvement in the condensation rate per volume than the current states of the art, which are heavy and expensive or involves very large pressure drops. To establish firm scientific foundation, we performed the first-ever combined experimental and theoretical study of the instability in thin film flows of a high--surface energy low-viscosity liquid. This allows us to develop a theoretical framework to identify threshold flow rates for transition between two different instability regimes. We also report a complementary numerical model that solves the full Navier-Stokes equations to quantitatively capture the details of flow patterns while accounting for the impact of surface roughness inherent in cotton threads. In addition, our systematic experiments of heat and mass transfer provide data to develop and validate an analytic model for dehumidification and to quantify the impact of transition between the flow instability regimes on heat and mass transfer processes.

RESULTS
=======

Instability in thin water films flowing down vertical strings
-------------------------------------------------------------

Because of the interplay among surface tension, viscous, inertial, and gravitational forces, liquid films flowing down vertical strings develop complex flow patterns ([@R20]--[@R24]). The insets in [Fig. 1](#F1){ref-type="fig"} show still images of wavy liquid films, representing discrete traveling liquid beads formed by intrinsic flow instability. We shall show that these wavy patterns help substantially enhance mass transfer and thereby condensation of water vapor.

As shown in [Fig. 1A](#F1){ref-type="fig"}, thin liquid films flowing down a string may exhibit absolute instability where the surface tension and viscous forces primarily govern flow dynamics, with liquid beads of a fixed size traveling at a constant speed and interval (i.e., a fixed wavelength of wavy patterns). This is often referred to as the Rayleigh-Plateau regime. When inertia becomes important, thin film flows may exhibit convective instability where liquid beads travel at different speeds, merging and subsequently forming new beads. [Figure 1B](#F1){ref-type="fig"} illustrates coalescence of water beads in the convective instability regime. These different instability modes can be captured in spatiotemporal diagrams, which schematically represent the temporally evolving positions of liquid beads along the string (fig. S1).

Previous experimental studies of the flow instability in question almost exclusively used well-wetting low--surface energy liquids of high viscosities, such as silicone oil. Water is a high--surface energy low-viscosity liquid, where the influence of surface tension is much more pronounced. As water does not wet common polymeric strings, previous studies used a carefully cleaned glass wire to achieve a thin film flow in the absolute instability regime ([@R17]); however, such a fragile material is not practical for engineering applications. Here, we use cotton threads that absorb water into their porous structures and essentially function as superhydrophilic strings.

Mathematical modeling of water film flows on cotton thread
----------------------------------------------------------

Earlier studies of thin liquid films flow along strings used low surface tension fluids of relatively high viscosities, whose main flow characteristics can be captured using one-dimensional lubrication and related models. Our thin water film flows have much higher characteristic Reynolds numbers, and the effects of inertia and nozzles cannot be ignored. We numerically solve the Naiver-Stoke equations to predict the characteristics of water flowing down a vertical cotton thread such as bead size and bead spacing. We observe that incorporating an effective boundary slip induced by the surface roughness on cotton threads is essential in correctly capturing the flow pattern because of the fact that the smooth surface assumption leads to an underestimation of the bead frequency by more than 30%. As shown in [Fig. 2A](#F2){ref-type="fig"}, we define the slip coefficient, λ, as the average amplitude of the surface roughness of cotton thread ([@R25]), which was found to be \~0.04 mm for our cotton threads based on the image analysis study. Further details of the numerical simulation are provided in section S1. [Figure 2B](#F2){ref-type="fig"} shows that a flow pattern predicted in our numerical stimulation is consistent with the experimental result for a string diameter *D*~s~ = 0.76 mm, a nozzle inner diameter of 1.2 mm, an average surface roughness λ = 0.04 mm at the string surface, and a water flow rate ${\overset{.}{\mathit{m}}}_{\text{Lps}}$ = 0.12 g/s. [Figure 2C](#F2){ref-type="fig"} shows that the experimental results, which are measured by image analysis, and numerical simulation results for bead spacing, *S*~bead~, and bead velocity, *V*~bead~ agree to within 10%.

![Mathematical and numerical modeling.\
(**A**) Schematic of a cotton thread with radius *R*~s~ and average roughness λ. (**B**) Comparison of the experimentally obtained liquid profile and the results obtained from the full Navier-Stokes numerical simulation (string diameter *D*~s~ = 0.76 mm, the nozzle inner diameter = 1.2 mm, liquid mass flow rate ${\overset{.}{\mathit{m}}}_{\text{Lps}}$ = 0.12 g/s, and average roughness λ = 0.04 mm). (**C**) The bead spacing and velocity predicted from full Navier-Stokes numerical simulation compared with experimental results (*D*~s~ = 0.76 mm, nozzle inner diameter = 1.2 mm, ${\overset{.}{\mathit{m}}}_{\text{Lps}}$ = 0.04 to 0.12 g/s, and λ = 0.04 mm). (**D**) Spatial branches in the complex *k*-plane from the Orr-Sommerfeld (OS) analysis for a liquid flow rate of 0.141 g/s, string diameter of 0.76 mm, effective slip length of 0.04 mm, and ω~i~ = 0. (**E**) The absolute and convective instability regimes in the parameter plane of the flow rate versus the string radius. The solid line corresponds to the OS solutions with roughness-induced boundary slip, and the dashed line corresponds to the no-slip case. The circle and cross symbols represent the regularly and irregularly spaced liquid beads observed in the experiments, respectively.](aav7662-F2){#F2}

As we shall discuss further in the subsequent section, with increasing liquid flow rates, the mass transfer rate of water vapor is generally enhanced. When the film flow transitions from the absolute to the convective instability regime, however, the emergence of irregular bead patterns in the convective regime suppresses further growth in the mass transfer rate with continued increase in the liquid mass flow rate. Identifying the critical flow rate for the instability regime transition is therefore important.

We apply the Orr-Sommerfeld (OS) analysis to investigate the transition. The OS equation derived from linearization of the Navier-Stokes equation is a fourth-order differential equation for the complex perturbation stream function amplitude Ψ(*r*). The form of the perturbation is given by ψ(*r*, *t*) = Ψ(*r*)exp(*i*(*kx* − ω*t*)), where *k* = *k*~*r*~ + *ik*~*i*~ and ω = ω~*r*~ + iω~*i*~. In the complex (*k*~*r*~, *k*~*i*~) plane, two disconnected spatial branches merge together at a point that corresponds to the zero group velocity, *v*~g~ = *d*ω*/dk* = 0. This defines the absolute wave number *k*~0~ and the absolute frequency ω~0~. A zero group velocity with ω~0i~ \> 0 identifies the onset of the absolute instability, and the instability regime transition occurs when the two branches merge at a point that corresponds to a real absolute frequency. [Figure 2D](#F2){ref-type="fig"} shows an example of the merging of branches of the OS solutions at a critical flow rate.

Previous OS studies ([@R21], [@R26]) for cylindrical falling films assumed smooth surfaces and applied the no-slip boundary condition at the liquid-solid interface. However, we find that this assumption leads to an overestimation of the critical flow rate by nearly 20% ([Fig. 2E](#F2){ref-type="fig"}). As mentioned before, we approximately account for the finite roughness of cotton thread surfaces by introducing the Navier slip condition at the string surface (*r* = *R*~s~)

$$\frac{\mathit{d}\psi}{\mathit{d}\mathit{r}} + \lambda\frac{\mathit{d}^{2}\psi}{\mathit{d}\mathit{r}^{2}} = 0$$where *R*~s~ is the average string radius. This approximation represents homogenization of the no-slip condition on rough surfaces and is sometimes referred to as the Navier friction condition. To account for uncertainty in measured values of the string radius, we perform the OS analysis for a range of string radius values, 0.35 mm ≤ *R*~s~ ≤ 0.4 mm, and compare the predicted critical flow rates for λ = 0 (no slip) and λ = 0.04 mm in [Fig. 2E](#F2){ref-type="fig"}. Our results show that the surface roughness λ = 0.04 mm produces decreased unperturbed flow velocities and yields a smaller critical flow rate, which is consistent with our experimental observations.

Condensation rates: Mass transfer conductance
---------------------------------------------

Direct determination of the condensation rate from the difference between the inlet and outlet liquid flow rates is challenging because of fluctuations in the inlet and outlet flow rates and uncontrolled evaporation in and around the inlet and outlet reservoirs. We instead analyze axial temperature profiles (fig. S3) using the energy and mass balance equations to indirectly calculate the rate of mass transfer of water vapor from the humidified air stream to the liquid films flowing down the threads. The mass transfer conductance, *g*~m~, which has the unit of mass flux \[in kg/(m^2^s)\], is a proportionality factor for mass transfer rates. It is defined as ρ~m~*D*~12~/δ, where ρ~m~ is the density of the air/water mixture, *D*~12~ is the binary diffusion coefficient of water vapor in air, and δ is the thickness of mass transfer boundary layer.

The balance equations are derived by applying the mass and energy conservation principle to a differential control volume shown in [Fig. 3A](#F3){ref-type="fig"}. The mass balance equations for the water and air streams are$$\left. {\overset{.}{\mathit{m}}}_{w,2} - {\overset{.}{\mathit{m}}}_{w,1} = \mathit{g}_{m}\lbrack\mathit{m}_{1}(\mathit{T}_{a,1}) - \mathit{m}_{1}(\mathit{T}_{w,1}) \right\rbrack\mathit{d}\mathit{A}$$$${\overset{.}{\mathit{m}}}_{a,2} - {\overset{.}{\mathit{m}}}_{a,1} = {\overset{.}{\mathit{m}}}_{w,2} - {\overset{.}{\mathit{m}}}_{w,1}$$

![Experimental mass transfer conductance.\
(**A**) Schematic of the control volume used to develop the governing mass and energy balance equations for the dehumidifier. (**B**) Mass transfer conductance and bead spacing as a function of the liquid flow rate per string under two different air stream velocities (*V*~air~ = 0.38 and 0.68 m/s).](aav7662-F3){#F3}

Here, $\overset{.}{\mathit{m}}$ is the mass flow rate and the subscripts a and w denote the properties of the saturated air and water, respectively. *m*~1~(*T*~a,1~) and *m*~1~(*T*~w,1~) are the mass fractions of water in the saturated air at temperatures *T*~a,1~ and *T*~w,1~, respectively. We define *dA* as the nominal air-water interfacial area in the control volume. For mathematical convenience, we assume a perfect cylinder of water flowing down the cotton thread. The radius of the water cylinder was obtained from the Nusselt solution based on the experimentally measured water mass flow rates ([@R23]). The energy balance equation for the combined air and water stream in terms of their enthalpy *h* is$${\overset{.}{\mathit{m}}}_{a,2}\mathit{h}_{a,2} - {\overset{.}{\mathit{m}}}_{a,1}\mathit{h}_{a,1} = {\overset{.}{\mathit{m}}}_{w,2}\mathit{h}_{w,2} - {\overset{.}{\mathit{m}}}_{w,1}\mathit{h}_{w,1}$$

The total heat transfer rate between the air and water stream is the sum of the rate of sensible heat transfer by convection, *q*~conv~, and the rate of heat transfer associated with condensation$${\overset{.}{\mathit{m}}}_{w,2}\mathit{h}_{w,2} - {\overset{.}{\mathit{m}}}_{w,1}\mathit{h}_{w,1} = \mathit{q}_{\text{conv}}\mathit{d}\mathit{A} + \mathit{g}_{m}\lbrack\mathit{m}_{1}(\mathit{T}_{a,1}) - \mathit{m}_{1}(\mathit{T}_{w,1})\rbrack(\mathit{h}_{w,1} + \mathit{h}_{\mathit{f}\mathit{g}}(\mathit{T}_{w,1}))\mathit{d}\mathit{A}$$where *q*~conv~ is expressed in terms of the temperature difference and the convective heat transfer conductance *g*~h~$$\mathit{q}_{\text{conv}} = \mathit{g}_{h}\mathit{C}_{p,a}(\mathit{T}_{a,1} - \mathit{T}_{w,1})$$

The heat transfer conductance, *g*~h~ \[in kg/(m^2^s)\], is defined as *h*/*C*~p,a~ where *h* is the conventional heat transfer coefficient and *C*~p,a~ is the specific heat of the saturated air. Since the range of temperature changes is relatively small, we assume that *C*~p,a~ is constant. The Lewis number, *Le*, for water vapor and air is near unity. On the basis of the analogy between heat and mass transfer, we estimate the ratio of mass to heat transfer conductances to be *g*~m~/*g*~h~ \~ *Le*^2/3^ = 1.08 ([@R27]).

For each experimental case, we solve [Eqs. 2](#E2){ref-type="disp-formula"} to [6](#E6){ref-type="disp-formula"} using the measured water inlet temperature, *T*~w,in~, and air outlet temperature, *T*~a,out~, as inputs. We adjust the value of *g*~m~ iteratively until we match the measured temperature profiles for both the air and water streams. Figure S3 shows representative experimental temperature profiles and the corresponding best fits from [Eqs. 2](#E2){ref-type="disp-formula"} to [6](#E6){ref-type="disp-formula"}.

[Figure 3B](#F3){ref-type="fig"} shows the experimentally determined mass transfer conductance and water bead spacing as a function of the water flow rate under two different velocities of the counterflowing air. As the water mass flow rate increases, the bead spacing decreases and the total mass transfer conductance increases. To further analyze the effect of water beads on condensation rates in our experiments, we develop a simplified model. We decompose our liquid film conceptually into two components in a uniform air flow condition: (i) a thin continuous liquid substrate coating the thread and (ii) liquid beads of diameter *D*~bead~ sliding on the liquid substrate at speed *V*~bead~ in the range of 0.3 to 0.42 m/s. We model the liquid substrate as a stationary cylinder and each liquid bead as a sphere of the equivalent diameter (see [Fig. 4A](#F4){ref-type="fig"}).

![Mass transfer conductance.\
(**A**) Schematic illustrating the decomposition of the water film into two components: (i) each water bead as a sphere in a uniform air stream of velocity *V*~air~ + *V*~bead~ (to account for the bead velocity) and (ii) a stationary water cylinder with the same diameter as the liquid substrate coating the string in a uniform air stream of velocity *V*~air~. (**B**) The experimental and predicted mass transfer conductances as a function of the superficial air velocity for the dehumidifier with 96 strings. Various sets of data are presented for different water flow rates per string, ${\overset{.}{\mathit{m}}}_{\text{Lps}}$. The liquid flows are all in the RP regime. The symbols represent the experimental results, and the lines represent the model predictions. (**C**) The estimated mass transfer rate (in kg of water/s) to the total interfacial area of (i) liquid beads or (ii) the liquid substrate.](aav7662-F4){#F4}

For mass transfer of water vapor from the humidified air stream to the sphere, we use the heat and mass transfer analogy to obtain the Sherwood number *Sh* ([@R27], [@R28])$${\overline{\text{Sh}}}_{\text{bead}} = 2 + \left( 0.4\text{Re}_{\text{bead}}^{1/2} + 0.06\text{Re}_{\text{bead}}^{2/3} \right)\mathit{S}\mathit{c}^{0.4}$$

Here, the Reynolds number is Re~bead~ = ρ~m~(*V*~bead~ + *V*~air~)*D*~bead~/μ, where the superficial air velocity, *V*~air~, is calculated by dividing the volumetric flow rate of air by the cross-sectional area provided by the acrylic cylinder with the diameter of 6.5 cm for the air stream. The dynamic viscosity of air is denoted by μ and the Schmidt number *Sc*. The mass transfer conductance for the bead, ${\overline{\mathit{g}}}_{m,\text{bead}}$, is next obtained from *Sh*$${\overline{\mathit{g}}}_{m,\text{bead}} = \frac{\rho_{m}\mathcal{D}_{12}{\overline{\text{Sh}}}_{\text{bead}}}{\mathit{D}_{\text{bead}}}$$

Our liquid beads may not be represented as isolated spheres in a uniform gas flow. We use the existing correlation for ${\overline{\mathit{g}}}_{m,\text{bead}}$ only as a convenient and yet approximate expression to quantitatively interpret our experimental data. To assess the accuracy of the correlation for ${\overline{\mathit{g}}}_{m,\text{bead}}$, we numerically simulated air flows over an array of water beads flowing down a cotton thread. We find that, for relatively large interbead spacings (\>6 times of the bead diameter), which is satisfied for all experimental conditions that we used, the impact of preceding liquid beads is relatively small. We estimate the error in ${\overline{\mathit{g}}}_{m,\text{bead}}$ calculated using the existing correlation for an isolated sphere in a uniform gas flow to be less than 10%.

For the liquid substrate, we determine the mass transfer conductance ${\overline{\mathit{g}}}_{m,\text{sub}}$ by spatially averaging the local value from the boundary layer theory (section S2). The water-air interfacial area of the beads, *A*~bead~, and that of the substrate, *A*~sub~, are used as the weighting factors to calculate the overall *g*~m~ as follows$$\mathit{g}_{m} = \frac{{\overline{\mathit{g}}}_{m,\text{bead}}.\mathit{A}_{\text{bead}} + {\overline{\mathit{g}}}_{m,\text{sub}}.\mathit{A}_{\text{sub}}}{\mathit{A}_{\text{bead}} + \mathit{A}_{\text{sub}}}$$

[Figure 4B](#F4){ref-type="fig"} shows the experimentally determined and predicted mass transfer conductances of the design with 96 strings as a function of the superficial air velocity for various values of the water flow rates. We can observe that the predicted and measured mass transfer conductances agree to within 7%. The reasonably good agreement between the predicted and experimentally obtained *g*~m~ values indirectly supports the overall validity of our physical model for the heat and mass transfer processes involved. However, we do note that the water-air interfacial areas are needed as input parameters, which are obtained either from experiments or from a separate fluid mechanics model. Our results suggest that the mass transfer conductance for the beads is up to five times of that of the substrate (see [Fig. 4C](#F4){ref-type="fig"}). This finding is in accord with the previous studies of condensation on localized surface bumps, which were inspired by desert beetles, where the importance of surface features on condensation rates was suggested ([@R29]). This enhanced mass transfer around water beads explains high mass transfer rates and hence correspondingly high condensation rates obtained in our experiments.

From [Fig. 4B](#F4){ref-type="fig"}, one might expect that one could continue to increase the mass transfer and hence condensation rate by further increasing ${\overset{.}{\mathit{m}}}_{\text{Lps}}$. When the water flow rate is increased above 0.135 g/s, however, the flow transitions into the convective instability regime and we observe a different trend (fig. S4A). As mentioned before, the transition to the convective instability regime results in bigger and faster moving beads. The increased bead diameter leads to a reduction in the mass transfer conductance around each bead, while the increased bead spacing leads to a reduction in the spatial density of liquid beads. These effects counteract enhancement resulting from the increased bead traveling speed ([Eqs. 7](#E7){ref-type="disp-formula"} and [8](#E8){ref-type="disp-formula"}). As a result, the overall mass transfer conductance remains nearly unchanged after the further increase in the liquid flow rates.

Gas stream pressure drop
------------------------

A key consideration in a dehumidification process, aside from the overall mass transfer and hence condensation rate, is axial pressure drop in the gas stream. In [Fig. 5A](#F5){ref-type="fig"}, we compare the experimentally measured pressure drop in the air stream per unit length and the corresponding model prediction as a function of the superficial air velocity. The two results agree to within 6%. The prediction (section S3) is based, in part, on an established empirical correlation for longitudinal flows over an array of parallel solid cylinders ([@R30]--[@R32]). The maximum Reynolds number for air flows in our experiments is approximately 2400, comparable to the critical Reynolds number for transition to turbulence (2300). Reynolds number can be calculated from Re = ρ~*m*~ (*V*~air~ + *V*~bead~) *D*~h~/μ, where *D*~h~ is the hydraulic diameter of the air duct. In the laminar flow regime, the pressure drop exhibits an approximately linear dependence on the superficial air velocity.

![Overall performance and pressure drop.\
(**A**) Pressure drop as a function of the superficial air velocity for the dehumidifiers with 52 and 96 strings. Symbols represent the experimental data, and the lines represent the model results. (**B**) Comparison of the mass transfer rate per volume as a function of the air pressure drop per length of dehumidifier. We compare our geometric configuration with previously reported dehumidifier designs, such as flat plate ([@R34]), bubble column ([@R35]), plate tube ([@R36]), and shell and tube ([@R37]). deh, dehumidifier.](aav7662-F5){#F5}

Liquid beads in the present work have relatively low geometric profiles, resulting in smaller form drag than spherical droplets in the presence of a counterflowing gas flow. This was confirmed in an independent experimental study of heat transfer in a multistring heat exchanger using nonevaporating liquids. In that study, the Reynolds analogy was shown to hold reasonably well, indicating that the frictional component to the pressure drop dominates over the component associated with form drag ([@R18]).

As the counterflowing air stream velocity, aerodynamic drag does deform liquid beads and change bead spacing (fig. S5). However, notable deformation does not occur until the air velocity is increased well beyond the range expected of typical dehumidification processes.

Overall performance
-------------------

To quantify the overall performance of our device, we define the overall capacity coefficient, *g*~m~*A*~int~/*V*~deh~, as our device performance parameter ([@R33]). Here, *A*~int~ and *V*~deh~ are the total liquid-gas interfacial area and the total volume of the device, respectively. This parameter essentially conveys the total mass transfer rate per unit volume of a dehumidifier. [Figure 5B](#F5){ref-type="fig"} shows the overall capacity coefficient of our design compared with that of other dehumidifiers as a function of the total gas stream pressure drop. We note that our unique geometric configuration offers at least three times higher overall capacity coefficients compared with existing designs at smaller air stream pressure drops. One might argue that the air and water mass flow rates can affect the overall capacity performance. However, this substantial improvement in the overall capacity coefficient is due to the ability of our compact design to provide intrinsic surface bumps, high interface-to-volume ratios for mass transfer, and the long resistance time for water vapor capturing due to the shear stress at the string surface. To ensure the fairness of our comparison in [Fig. 5B](#F5){ref-type="fig"}, the results representing the other existing designs are obtained from conditions comparable with our experimental condition (see table S1).

Although previous studies did not report the weight of their humidifiers, we expect that the present humidifier, constructed of a plastic housing and cotton threads, also provides a remarkable weight reduction from established metal-based dehumidifiers. A further discussion and detailed calculation of the performance of our design and other established dehumidifier designs, specified in terms of the overall capacity coefficient (*g*~m~*A*~int~/*V*~deh~), the total heat flux ($\overset{.}{\mathit{q}}$), and the energy-based effectiveness (ε) are provided in section S4.

DISCUSSION
==========

In summary, we have demonstrated the ability of our water vapor--capturing design in being able to substantially increase the condensation rate per device volume (200% increase), by taking advantage of high mass transfer rates of surface bumps while having the capability to remarkably decrease the air stream pressure drop by providing straight paths for gas flow, compared with the current dehumidifiers.

In the present work, liquid beads are generated through intrinsic instability of thin liquid films flowing down vertical cotton threads. No high-pressure spray nozzles or electric and other excitations are therefore necessary. Generating droplets of a narrow and controlled size distribution in spray columns is very challenging. Larger droplets are remarkably undesirable because they have higher fall velocities (shorter residence times) and larger internal thermal resistance, negatively affecting overall heat/mass transfer effectiveness. Very small droplets are also undesirable because they may be entrained by gas flows and then may mix with condensates in the dehumidifier, which is problematic because of the degrading quality of "clean" water output.

Furthermore, the models developed in this study are the starting point for further optimizing the design parameters of our device and achieving high-efficiency dehumidifier as a crucial component for decentralized thermal desalination and water vapor--capturing systems.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

Figure S7 shows the schematic of the experimental setup used in our study. The setup includes three flow loops: (i) the freshwater loop in the dehumidifier (dashed line), (ii) the air loop through the heater and the bubble column to achieve a specific humidity and temperature and finally along the dehumidifier (dotted line), and (iii) the closed water loop between the water heater and the bubble column for controlling the water temperature in the bubble column (dash-dotted line).

The dehumidifier consists of a 0.6-m-long vertical cylinder with a diameter of 2.5 inch and includes a square array of 52 (or 96) cotton threads with a 7-mm (or 5-mm) pitch. The cotton threads with a diameter of 0.76 mm were fixed to the bottom acrylic sheet to ensure their verticality. The liquid reservoir was located at the top. To introduce water onto the cotton threads, stainless steel nozzles with an inner diameter of 1.2 mm were used in our dehumidifier design and throughout this study, except in [Fig. 1](#F1){ref-type="fig"} for which we used a nozzle with an inner diameter of 0.8 mm. The inlet plenum at the bottom was designed to create a uniform flow of humidified air stream. Distilled water at 20°C (monitored using two thermocouples inside the reservoir) was pumped to the top reservoir from a main reservoir (FWR-1). A pump and a flow meter were used to control the flow rate. Water flows down the cotton threads after exiting the nozzles and absorbs the water vapor from the countercurrent humidified air stream. It was then collected at the bottom reservoir (FWR-2). A weight scale was placed under the freshwater reservoir (FWR-2), with a resolution of 0.1 g to measure the flow rate of freshwater at the outlet of dehumidifier.

We used a bubble column as a humidifier to supply air saturated with water to the dehumidifier. Filtered compressed air at 20°C flows into the bottom chamber of a bubble column, which has the cross section of 150 mm by 150 mm and height of 250 mm. The sieve plate has a square array of 25 by 25 holes with a diameter of 1 mm. Heated water circulates through the bubble column using a heating/pumping unit to ensure the uniform temperature distribution of water inside the bubble column. By adjusting the height of the heated water in the bubble column, a desired output air condition was obtained. The humidified air flows through two plastic tubes with an inner diameter of 25 mm to reach the air inlet of the dehumidifier.

Four sets of four microthermocouples with a tip diameter of 250 μm were mounted at four axial locations (0.0, 0.1, 0.4, and 0.7 m from the liquid nozzle) and four positions in each axial location (two for air temperature and two for water temperature), as shown in fig. S7 (locations 1 to 4). A differential pressure transducer (P) was used to measure air stream pressure drop along the 0.5-m-long mid-section of the dehumidifier. Two humidity sensors were also mounted at the air inlet and outlet of the dehumidifier to measure the relative humidity of air.

Data acquisition: Temperature, humidity, and pressure measurements
------------------------------------------------------------------

For each run, we first adjusted the water (${\overset{.}{\mathit{m}}}_{\text{Lps}}$ = 0.03 to 0.14 g/s) and air (*V*~air~ = 0.2 to 0.75 m/s) flow rates in flow loops (i) and (ii). Then, we started flow loop (iii) and waited for all the thermocouples, humidity sensors, and pressure transducer readings to stabilize to within 1% of their values before taking measurements. Each set of experiments was repeated multiple times to ensure repeatability. The uncertainties of the measured values were estimated as follows: ±0.1°C for the temperature readings, 0.03 Pa for the pressure readings, 0.1 g/s for the water flow rates at the outlet of dehumidifier, 1% for the relative humidity readings, and 0.05 m/s for the air velocities in the dehumidifier.
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